Introduction
Gait is a complex but unconscious motor pattern that forms part of the human identity. It is therefore important to characterize an individual's gait and understand how the gait pattern is acquired during childhood (i.e. how infants and children build their gait pattern with age). This type of knowledge is critical for assessing healthy development. One key question concerns maturation of the gait pattern in developing children, and so there always a need for normative values in the assessment of normal development. Indeed, it is important to build a reference database for comparison of changes over time in a child's gait.
A number of studies have generated reference data on gait patterns in children in various several countries: Dusing and Thorpe (438 children in the USA) [1] , Holm et al. (360 children in Norway) [2] , Lythgo et al. [3] , Lythgo et al. [4] (980 children in Australia), and Moreno-Herná ndez et al. (120 children in Mexico) [5] . As already noted by Moreno-Herná ndez et al., anthropomorphic differences between countries and especially between continents (Europe vs. Australia vs. Central America) might be associated with significant differences in gait parameters. Hence, there is always a need for robust local reference data.
Changes in gait parameters during childhood have also been investigated. Most of the studies in the literature included large Objective: Normative data on gait is essential for clinical practice -especially in children whose gait pattern changes over time. Sets of normative gait data in healthy children vary significantly from one country to another. We decided to generate a specific reference database of gait parameters for French children. Method: Three hundred and eighty-two children (228 boys and 154 girls, aged between 6 and 12) were asked to walk as naturally as possible and at a self-selected speed on a GAITRite 1 track. Velocity, step count, cadence, step time, step length, cycle time, stride length, base width, swing time, stance time, single support time and double support time were recorded. Parameters were analyzed by age group, height group and BMI. Results: Velocity, step and stride length increased regularly with advancing age and height. Cadence decreased with height. All temporal parameters (except for double support) differed significantly (P < 0.05) when comparing the 6-year-old group or the 7-year-old group with the 9-year-old group and older groups. A small number of temporal parameters (cadence, step time, cycle time and stance time) differed significantly when comparing 7-year-olds and 8-year-olds. Temporal parameters appeared rise in proportion height from 110 cm to 130 cm and then reached a plateau. Overweight was associated with a longer stance time and more double support. Conclusion: The gait pattern in French children aged between 6 and 12 differs from those recorded elsewhere in the world; although gait parameters appear to change in much the same way with age worldwide, our values (even when normalized) are different. Our local database should be of value in French studies of childhood gait disorders. Given that gait patterns do not appear to mature by the age of 12, it would be valuable to study gait patterns in a population of teenagers.
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groups of children, with ages ranging from 5 to 13. The critical parameter is usually the maturation of gait parameters, in order to link the changes in gait over time to the achievement of an adult pattern. However, divergent conclusions have been drawn: although Sutherland et al. [6] suggested that the gait pattern matured at just 3 years of age, most studies have found that gait parameters start to stabilize at around 7 years of age [1] [2] [3] [4] . In contrast, Ganley and Powers [7] reported that 7-year-old (y.o.) children may lack the neuromuscular maturity required for an adult-like gait pattern. Correct assessment of the age at which gait parameters start to level off requires the observation of a large population of children (such as those studied by Lythgo et al. and Holm et al.) , in order to build single-year age groups. The primary objective of the present study was to generate a relevant, local reference database on spatiotemporal gait parameters in French children. The study's secondary objective was to include enough children to build single-year age groups and thus assess spatiotemporal gait parameter as a function of age and height.
Materials and methods

Participants
Children aged between 6 and 12 were recruited into the study between August 2008 and April 2009. Written, informed consent to participation was provided by the parents in all cases. The children were attending a summer camp in northern France, and all had a medical certificate authorizing their participation in leisure sports. Anthropometric data (weight, age and height) were also recorded. Children wearing orthopaedic soles or presenting with claudication or pain while walking at the screening visit were not included.
The gait analysis protocol
Verbal instructions were given to all participants prior to the experimental session. The children were asked to walk as naturally as possible at self-selected speed on a GAITRite 1 track (CIR Industries, Clifton, NJ, USA). The total recorded walking length was 7 m, with one additional meter at the start and several additional meters at the end to allow proper acceleration and deceleration. All the children walked barefoot and trousers were folded to above the knee as required.
The following parameters were recorded or calculated: velocity, step count, cadence, step time (sec), step length (cm), cycle time (sec), stride length (cm), base width (cm), swing time (sec), stance time (sec), single support time (sec), and double support time (sec).
Data pre-processing and analysis
All statistical analyses were performed using MATLAB (Mathworks, Natick, MA, USA) and the Statistical Toolbox. Firstly, a number of parameters were tested for left/right similarity: step time, step length, cycle time, stride length, base width, swing time, stance time, single support time, and double support time. The correlation coefficients were all above 0.9, and so left-foot values and right-foot values for these parameters were averaged into a single dataset for each participant (as already proposed in the literature [1, 5] ).
Secondly, gender differences were assessed. Datasets were sorted into groups of girls and boys of same age or same height category and then tested for a normal distribution in a Lilliefors test. Next, boy/girl differences were assessed using a t-test (for normally distributed groups) or a rank sum test (for non-normally distributed groups). None of the groups showed significant differences (P < 0.05), and so boys and girls were merged into the same age or height groups.
For each age and height group, the mean AE standard deviation were calculated for all parameters. Differences between age or height groups were assessed in a two-way analysis of variance. The threshold for statistical significance level was set to 5% and then lowered to 0.38% for tests with Bonferroni correction. Lastly, we attempted to perform the same analysis for BMI. Each age group was dichotomized into two subgroups: overweight and normal weight. A one-way analysis of covariance (ANCOVA) was performed in order to determine whether weight status (the independent variable: normal vs. overweight) had an influence on each gait parameter (the dependant variable) while controlling for age (the covariate). The criteria for application of an ANCOVA were met. Overweight (obesity stage 1 and stage 2) was defined according to the criteria issued by the Institut national de pre´vention et d'e´ducation pour la sante´(the French National Institute for Health Prevention and Education).
Results
Measurements were made on a total of 382 children (228 boys and 154 girls; age range: 6 to 12). The study population's anthropometric and spatiotemporal data are summarized in Table 1 .
In order to explore the results in detail, the children were sorted by age (6 to 12, in single-year groups) and by height (110-119 cm, 120-129 cm, 130-139 cm, and 140-149 cm). Temporal and spatial data are presented by age group in Fig. 1 and by height group in Fig. 2. Fig. 1 shows the change over time in spatiotemporal gait parameters with age, sorted into 1-year age groups. Spatial parameters (velocity, step and stride length) increased regularly with advancing age. However, for each parameter, the differences Table 1 Characteristics of the study population by age group. The data are presented as the mean (standard deviation).
Age in years
Gender Number Height (cm) Weight (kg) Velocity (cm/s) Cadence (steps/min)
Step length (cm)
Step length (cm) were only statistically significant (P < 0.05) when comparing age groups 2 years apart. There were no intergroup differences in base width; indeed, there is little evidence in the literature of a robust relationship between base width and age. The mean velocity rose from 96.9 cm/s at 6 years of age to 123.1 cm/s at 12 years of age. Mean step length rose from 46 cm to 63.5 cm, and mean stride length rose from 92.4 cm to 127.2 cm. All temporal parameters (except for double support) differed significantly (P < 0.05) when comparing the 6-y.o. group (or the 7-y.o. group) with the 9-y.o. group and older groups. A small number of temporal parameters (cadence, step time, cycle time and stance time) showed significant differences when comparing 7-y.o. group with the 8-y.o. group and older groups. There were no significant intergroup differences when comparing the 8-y.o. and older groups amongst each other. Fig. 2 shows the change over time in spatiotemporal gait parameters with height, sorted into four 10-cm groups as described above. As expected, step length and stride length rose with height (P < 0.05). The mean step length rose from 44.9 cm at 6 years of age to 62.6 cm at 12 years of age, and stride length increasing from 90.1 cm to 125.4 cm. The mean velocity rose with height, from 99.2 cm/s at 6 years of age to 120.0 cm/s at 12 years of age. Cadence decreased with height, from 132.6 steps/min to 114.7 steps/min. As found in the age group analysis, there were no intergroup differences in base width; again, there is little evidence in the literature of a robust relationship between base width and age. When considering temporal parameters, there were no significant differences between the 110-119 cm and 120-129 cm groups. Similarly, there were no significant differences between the 130-139 cm and 140-149 cm groups. In contrast, the 110-119 cm and 120-129 cm groups differed significantly from the 130-139 cm and 140-149 cm groups. As a consequence, all the temporal parameters appeared to reach a plateau above 130 cm, after increasing between the 110-119 cm group and the 130-139 cm group. Hence, the step between the overweight and non-overweight groups at 6 and 8 years of age; the overweight children walked more slowly, with lower cadence and no alteration in stride length. An ANCOVA revealed a longer stance time and more double support in overweight children (Table 2 ).
Discussion
The present study focused on building a local reference database for spatiotemporal gait parameters in French children. A total of 382 children from northern France underwent gait analysis.
Studies on the change over time in gait parameters with age have been performed in Australia [3, 4] , Mexico [5] , Norway [2] , Scotland [8] , USA [1] . Some were longitudinal studies of small populations [8] and others (including the present work) were cross-sectional studies of several hundred subjects [1] [2] [3] [4] [5] . Although a few studies used Vicon 1 three-dimensional gait analysis [8, 9] , most (including the present work) used the GAITRite 1 system to generate only spatiotemporal data [1] [2] [3] [4] [5] . The GAITRite 1 system has shown good reliability (except for base width) in populations of children [10] , younger adults [11] and elderly adults [12] . In the literature, gait is generally assessed barefoot but data for subjects in shoes have also been reported [3] [4] [5] . Depending on the study, gait was recorded at the preferred speed, several self-selected speeds or an imposed speed [2] .
In terms of the influence of laterality and gender, our results confirmed previous observations [3] [4] [5] : the gait parameters were highly symmetric and there were no significant gender differences. This confirms that gender-induced gait styles [13] are apparent before adolescence, since the age range in the present study population was 6 to 12.
Concerning the change in gait parameters with age or height, our large sample size enabled us to build 1-year age groups. In contrast, Moreno-Herná ndez et al. [5] and Hillman et al. [14] studied 2-year age groups. We found that whereas spatial parameters (velocity, step length and stride length) rose regularly with advancing age and height, temporal parameters exhibited a breakpoint after 7 years of age and after 120 cm in height. These findings are coherent with Moreno-Herná ndez et al.'s report of the onset of changes in gait coordination in children aged around 7 -probably due to a maturation process.
The role of maturation in the variation of gait parameters with age is still unclear. According to Sutherland et al. [6] , most normalized gait parameters stabilize and become adult-like after the age of 4. In a population aged between 3 and 16, Dixon et al. [9] found that anthropometric data could barely predict certain gait parameters (especially temporal ones) and that age had to be taken into account. Our results suggest that there is a break-point in temporal gait parameters between 7 and 8 years of age. One can question whether it is possible to apply adult-derived, dimensionless gait parameters to children above these thresholds. The answer is probably ''no'', since Lythgo et al. [3, 4] found significant differences in gait parameters when comparing a sample of children aged between 5 and 13 with a sample of young adults. The researchers concluded that gait may not be mature by the age of 13. Hence, there is still a need to study the change over time in gait parameters in a teenage population.
The populations examined in previous studies showed morphological features that justified the creation of local databases. Given that gait parameters change with the subject's height (and setting aside the maturation process), one could legitimately hope that the use of normalized or dimensionless parameters could reconcile the disparities in age-class data observed when comparing the various studies. Unfortunately, the literature data do not support this hypothesis. Dusing et al. [1] and Holm et al. [2] normalized their measured gait parameters against the subject's height. Their reported values for normalized step length differ notably from ours (Table 3) . Taking into account the length of the lower limbs (rather than the subject's full height) might conceivably yield more reliable results. Unfortunately, the measurement of lower limb length has not been standardized in the literature. Lythgo et al. [3, 4] used a tape measure to assess the distance between the anterior superior iliac spine and the medial malleolus, Moreno-Herná ndez et al. [5] measured the distance between the great trochanter and the floor, and Hillman et al. [14] computed the lower limb length from three-dimensional data and showed that the measurements were correlated with (but not equal to) clinical measurements). We believe that measuring lower limb length from the anterior superior iliac spine to the internal malleolus would be the most suitable method, since it is widely used in gait analysis and orthopaedics research.
The impact of BMI on gait has mainly been assessed by comparing obese children (stage 2) with non-obese children [15] [16] [17] . Obese children are known to have a longer cycle duration, lower cadence, longer stance duration and greater stride width. Our study population had a very small number of stage 2 obese children, probably because the children were attending a summer camp featuring sports activities. When we considered normalized gait parameters, there was a trend towards the same alterations in our overweight population as in the obese populations reported on in the literature. An ANCOVA revealed significant differences in stance time and double support between overweight and nonoverweight children, whereas the differences in cadence and base support did not achieve statistical significance (due to Bonferroni correction). It is likely that the alteration in gait parameters previously observed in obese children [15] [16] [17] appear gradually as the overweight increases. Table 3 Step length normalized against height as a function of age in the study by Holm et al., the study by Dusing et al. and the present study. 
Conclusion
The gait pattern of French children aged between 6 and 12 differs from those reported in children from other countries; although the gait parameters appear to change in much the same way with age worldwide, the French values (even when normalized) differ. Our local database should be of value in French studies of paediatric gait disorders. Given that gait patterns do not appear to mature by the age of 12, it would be valuable to study gait patterns in a population of French teenagers.
The changes in gait parameters found in obese children seem to appear even in stage 1 obesity.
